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The Signal and Main Background
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Discrimination strategies

Direct Detection Techniques
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SuperCDMS SNOLAB Detectors

Ge crystal - 1.4 kg each | 5
100mm dia X 33.3 mm thick
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Observed iZIP Phonon Pulse Shape Discrimination

Surface Event: side summed pulses (Pr~25keV) Bulk NR Event: side summed pulses (Pr~25keV)
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Surface Electron vs Nuclear Recoil
discrimination seen in operating iZIP Phonon
detectors in both pulse shape f;;‘sz:
differences and energy partition in z-

direction.
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Electron energy loss in Si and Ge
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Electrons and holes emitting phonons

* conserve momentum
and enerqy @
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Probability distributions

* theta angle between incident electron and emitted
phonon and phi angle between incident and
scattered electron
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Mean field calculations

Silicon Germanium
Electrons | Holes | Electrons | Holes
m)/me 091 0.5 1.58 0.38
my [ me 0.19 0.5 0.081 | 0.38
Mma/me 0.33 0.5 0.22 0.38
Me/Me 0.26 0.5 0.12 0.38
s; (km/s) 9.15 5.4
vp (THz) ~T ~4
K 12 16
p (g/cm?) 2.335 5.323
smas”(K)| 0.9 14 | 021 [0.365
lo (um) 7.5 3.0 2.8 4.3
Cy (eV) 9.26 7.85 13.3 4.73
C. (eV) 13.2 7.85 33.0 4.73

Silicon Germanium
units | Electrons | Holes | Electrons | Holes
L mm 0.3 0.3 10 10
Vo V 1 1 1 1
€ = tmgys? peV | 786 | 119 | 182 |315
a(Vo) = (eVlp)/(2¢L) 159 | 42.0| 769 |68.3
vy = 1.31sa/® km/s| 33.0 |253| 169 |[16.5
7 = 1.38sa%/® km/s| 959 |56.3| 423 |404
E, = 4.14ea?/® meV| 247 |220| 043 |0.71
E =1.90ea*/? meV| 862 |450| 112 |1.76
A =2.17lpa~%/® pm | 214 | 146 | 107 |17.2
A = 2.07loa /5 pm | 074 |0.66| 428 |7.06
o1 =1.7Vzloa ™ | yum | 48.6 |353| 583 731
n=L/\| 405 | 455 | 2340 | 1420
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xIOT

Matt Pyle MC for Luke phonons

- Used isotropic approximation to propagate
electrons and holes and input into stochastic
model that follows them as they move and are
heated in the electric field.

electron density in kspace under an efield
)

o

S
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Data different for electrons and holes

» clear evidence that electrons travel obliquely
versus holes that travel more isotropically

One Sided (LR) Yield Plots forL/R=+2V T/B=-2V

One Sided (TB) Yield Plots forL/R=+2V T/B=-2V
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Indirect gap semiconductors

» Conduction electrons in valleys along [111] for Ge
and have very anisotropic effective masses

* holes have minimum energy at center of zone so
behave more isotropically
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Model valley energy

Elliptical potential wells given by

+ +

e {(5@ ) (5k,) (5;(3)2}

‘ 2m, 2m, 2m,
where for Ge 2\
m, =1.58m, N—"

m, =0.081m,

nearly a factor of 20|
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Oblique propagation necessary

Electric field along [100]

_ dp [100]

E=— R [111]
so that change in momentum /
is along [100] since ®

However, change in velocity
iS nearly along per'pendicular to [111] since

Detector MC Workshop Page 14 Blas Cabrera - Stanford University




Electrons and Holes in germanium

Electrons: E = 1.0 V/cm; 20 scatters; Tm =0.006 n s; ¥.= -31.1 km/s
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Electrons: E = 1.0 V/cm; 20 scatters; Tm =0.007 p s; v, = -29.5 km/s

Hole Trajectories: E = 1.0 V/cm; 10 scatters; T S 0.007 p s; e 18.0 km/s
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Oblique propagation simulation
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Qualitatively similar features

Haller 1 - Ground voltage collects straight holes
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Haller 1 - Collect holes (blue) and electrons (red)
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Haller 1 - Positive electode collects channeling electrons
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Summary

Detector Monte Carlo follows electrons and holes
through lattice and use simple valley model for

oblique propagation and phonon emission. (see also A.
Broniatowski - http://hal.in2p3.fr/in2p3-00674793)

* Recompute electron scattering kinematics for
elliptical valley model.

For electric field greater than about 5 V/cm, inter-
valley transitions become important making oblique
propagation less pronounced, since the sum of all four
valleys is again isotropic.

* Possible that directionality of primary imprinted in
distribution of electrons in four valleys.
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Coherent Neutrino-Nucleus Elastic Scattering

 Standard Model Process
* Independent of flavor

ZO
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e OyN—svN = —N E
4

", ", OvN—vN|E=3MeV

Ge 6.0x104cm?
Ar 1.8x10%'cm?
Si 7.4x1042cm?

Opp—etn|4.5x1043cm?
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CNS - Recoil Energy Scale

* Never Been

Measured!

* My >>E, &4 momentum conservation dictates:
detected v, energy spectrum (5 kg yr, 3 GW thermal, 25 m)
AP < 2P % - : Germanium + 235U
Y v = -~ A.Anderson Silicon + 235U
g 12000 — 1 Argon + 235U
A P2 L2 s L : T S amopa
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AE < v S 10000— o
L -
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CNS - Reactor Trigger Thresholds

vN —UN Signal Rate (3GW, & r=25m)
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Detector Threshold [eV ]
e Reactor Experiment Trigger Threshold Requirements
* Si:130eV,,
* Ge:40eV
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Measure Single Electron-Hole pairs
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* Luke-Neganov Gain

Am34 Vg = 60 V
59.54 keV

Etot — Er + Eluke

7
S

P. Luke
NIM A A289 (1990)
— Er + nehe‘/b " Vg = 100 V
eVy €
= F, (1 + ) §
€ech
* Field Emission Vg = 140 V

* E,<25V/cm
* V, <75V for1” (best measurement)

i

1024

* Requirement: Etrigger ~ 50eV Channel number
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Athermal Phonon Detection Principles

* Become insensitive to C_, .., DY
collection and concentration of
Phonons

More Complex

Collection efficiencies (€)

— Theoretical Max: ~40%

— Best Measured: 20£4%
— CDMS II: 1-4%

— SuperCDMS <e>: ~12+3%

— Active Research Area for
Stanford SuperCDMS

Not New -> CDMS technology
(10+ yrs)

15
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Quasiparticle Loss Measurement

Bond Pad Al Absorber

W TES
e Test Structures :— / W/AI Tra
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equal max energy in W & Al means ~90%
0.4 0.4 efficiency of energy transfer from
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0.25 2:0.25 By /
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a9 : . .
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Further Optimization of Al Fins

QP trappingin Al
antenna
— Ly ~ 180um
 Optimally use
area near TES
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IS

Characterize Performance of TES
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Transition Temperature Gradient Problem

e Voltage biased TES sensors where invented to solve the Tc
gradient problem for large area sensors
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With current bias,
there did not exist a
bias temperature for
all, but with self
voltage biasing all at
high sensitivity.
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Thermal Model
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e Electrothermal Feedback electron-phonon
interaction limits
— Voltage bias intrigfjca]\l/)g stable conductance at
C E — ¥B — Z(Té‘ — TpIL ), n=>5 low temperature
— Fast response T C
- T,=—, g=nXT"

Tetf = ’ 0
I+o/n g
— High Sensiivikg =2 355 J4k, T2 C {3 for =2.355 J4k, TP, 1, 2
ForE_(~ CT,/o. =P, 1,;) =10 keV then AE,,,, =1.1eV
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Optimistic Resolution Estimates

Resolution Scalings with Te (lqp:ZSSum)
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— SuperCDMS 3%
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Summary

- Oblique propagation of electrons in Ge
- need to understand for correct model of performance

- may provide some directionality information in future

- Interesting science applications at low energy
- neutrino-nucleus coherent scattering
- searches of sterile neutrinos
- limits on neutrino magnetic dipole moment
- ultra-light dark matter candidates (~MeV)

» Sub - 100 eV thresholds seem technically possible
- Tc3 scaling for athermal phonon detectors shown

- Optimize detector desigh to maximize phonon collection
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